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Abstract— An adaptation to TELEMAC-2D and SISYPHE 
which allows the feedback of bed roughness to the flow 
calculation has been implemented in a validation case in the Dyfi 
Estuary, Wales, UK. The dimensions of dune-scale bed forms 
measured from a swathe sonar survey in July 2007 are compared 
with bed roughness lengths calculated by a coupled simulation 
showing very promising agreement given the simplifying 
assumptions made in the process.  The effect of bed roughness 
feedback to TELEMAC-2D on the sediment transport rate 
subsequently modelled by SISYPHE is also explored for a simple 
M2 harmonic tide. The sediment transport magnitude is shown to 
increase significantly in one area while decreasing in another, 
suggesting that roughness feedback can significantly affect the 
pattern of sediment transport and therefore morphological 
change. 
I. INTRODUCTION 
Beds of non-cohesive sediment, such as in many coastal 
environments, are rarely, if ever, flat. Sedimentary bed forms 
are generated by an interaction between the flow and the 
erodible bed. The frictional force generated between the flow 
and the bed is heavily affected by the presence and form of 
these sedimentary structures. Form drag, caused by the pattern 
of pressure around the bed form due to flow separation over 
the crest, generates a frictional force which is often the 
dominant resistive force between bed and flow in shallow, 
coastal tidal environments.  
The hydraulic roughness of the bed has a direct effect on 
the flow velocity through the roughness length z0 occurring in 
the logarithmic velocity profile. As such, for a given driving 
pressure gradient, an increase in the hydraulic roughness of 
the bed results in a decrease in the depth-averaged flow 
velocity U. However, bed roughness also has a direct impact 
on the kinematic bed shear stress τ0, both through the drag 
coefficient CD and its previous effect on U, which is 
subsequently amplified (either positively or negatively) as the 
bed shear stress is proportional to the drag coefficient 
multiplied by the square of the velocity. The effect of this 
change in bed stress is transmitted to the magnitude of 
sediment transport, being further enhanced as τ0 enters most 
sediment transport formulae as the Shields parameter θ raised 
to a power greater than one. 
The effect of bed roughness on the computation of flow in 
complex, process-based numerical models such as 
TELEMAC-2D has been explored in the past. However 
research has been concentrated on the impact of ripple-scale 
features (bed forms with wavelength much smaller than the 
flow depth). In contrast, the impact of sub grid scale dunes 
(bed forms with wavelength that scale on the flow depth) is 
poorly understood. Although dune roughness is sometimes 
accounted for by increased (yet still static) values there is no 
direct, concerted link between the roughness generated and 
used by SISYPHE and that used by TELEMAC-2D. 
For the most part, the lack of research into the influence of 
dunes on coupled morphological models is due to a lack of 
field evidence which requires a greater spatial range (due to 
the size of dunes) than that for ripples. A recent field 
campaign in the Dyfi Estuary, Wales, U.K., however, 
provided an extensive, fine-scale map of the seabed using 
swathe sonar. A significant amount of data was collected 
around the Dyfi ‘scour pit’ –a permanent feature of the 
estuary maintained by converging tidal currents and stable 
substrates [1].  In this paper a coupled morphological model 
of the Dyfi Estuary is presented which contains a mechanism 
to feed back bed roughness into TELEMAC-2D. The model 
has been run to simulate a period of 21 days in July 2007, 
which coincided with the swathe sonar bathymetric survey 
with the aim of reproducing the bed roughness derived from 
these measurements. The simulated free surface is validated 
by tide gauge data obtained during the same field campaign. 
The effect of coupling the roughness between TELEMAC-2D 
and SISYPHE on the subsequent sediment transport rate for a 
simplified tidal case in the Dyfi is also explored. 
II. METHOD 
The bed roughness predictive procedure of Van Rijn [2] 
has been implemented within SISYPHE in the subroutine 
RIDE. Here the total hydraulic roughness ks is calculated from 
the roughness contributions of ripples ks,r, megaripples ks,m 
and dunes ks,d separately and then combined via quadratic 
summation. The roughness contributions are calculated from 
three continuous curves: 
        ( )[ ]{ }150015.0tanh658550, −ψ−= Dfk srs        (1a) 
    ( )[ ]( )ψ−ψ−−= 55005.0exp100002.0
,
hfk sms     (1b) 
    ( )[ ]( )ψ−ψ−−= 60002.0exp100008.0
,
hfk sds     (1c) 
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Figure 1. Bathymetric map of the Dyfi Estuary model grid in meters around 
mean sea level. ‘The scour pit’ is the deep region at approximately 
x=8.5,y=8km, just north of the spit which constrains the opening to the mouth 
of the estuary. Also marked is the position of the Aberdyfi pier tide gauge, the 
two rivers and the constraining spit at the estuary mouth. 
        
where fs is a granular scaling coefficient (equal to 1 in this 
case), D50 is the median grain diameter and ψ is the mobility 
parameter: 
                                 ( ) 50
2
1 Dsg
U
−
=ψ                                 (2) 
where g is acceleration due to gravity, s = ρs/ρ (ρs is the 
sediment density and ρ the fluid density). The three roughness 
contributions are then combined to form the total hydraulic 
roughness by 
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Equations 1 through to 3 were coded into the SISYPHE 
subroutine RIDE. Here the total roughness is calculated at 
each time step and at each grid node that satisfied the 
condition crθ>θ'  (the skin-friction component and threshold 
value for sediment motion of the Shields parameter 
respectively) and an external file is populated sequentially 
with the values of ks at each grid node. This file is 
subsequently read at the next computation time-step by 
TELEMAC-2D (reading ks into the subroutine CHESTR), 
with SISYPHE reading in ks,r internally. In this way the depth-
averaged flow calculated by TELEMAC-2D is based on the 
total roughness of the flow, whereas close to the bed where 
small-scale roughness is most important SISYPHE only uses 
the ripple roughness to calculate sediment transport. The  Dyfi 
model was run on a grid (created using BlueKenue) of 91,000 
nodes, with grid resolution fining from 2km at the offshore 
liquid boundary to a constant 15m within the interior of the 
estuary basin. Both rivers (the Dyfi and the Leri, Figure 1) 
were included using channel meshes with a constant along-
channel resolution and a fixed number of points across-
channel. Bathymetry (Figure 1) was provided by a 
combination of a LiDAR survey from 2004 (provided by the 
Environment Agency Wales) and the Dyfi model grid of 
P.Robins (Bangor University), which contained a mixture of 
LiDAR and Admiralty Chart data. Tidal boundary conditions 
were assigned using the TELEMAC-2D subroutine BORD, 
with eight tidal constituents provided by S. Neill (Bangor 
University), tuned to a start-time corresponding to the 9th July, 
2007. Phases and amplitudes of each constituent were mapped 
to each boundary node creating a boundary-varying tidal 
condition. The Dyfi and Leri river inputs were taken as the 
2007 annual mean flow-rates (20m3s−1 and 1.7m3s−1 respec-
tively) from river flow-rate data provided by the Centre for 
Agriculture, Fisheries and Aquaculture Science (CEFAS).  
The model was run for the simulation period of 12 days 
with a time-step of 5s. TELEMAC-2D and SISYPHE were 
run together in coupled mode, with the latter using the 
sediment transport formula of Bijker. Grain size was set to 
220m (an average grain size for the Dyfi [3]). Tidal elevation 
data from a gauge at Aberdyfi Pier (North bank opposite the 
spit, Figure 1) over the survey duration was utilised to validate 
the free surface. 
On the 9-11th July, 2007 a swathe sonar bathymetric survey 
was carried out in the Dyfi as part of a monitoring campaign 
funded by the Centre for Catchment and Coastal Research 
(CCCR). The instrument (on loan from R. Bates at the Univer-    
 
Figure 2. Swathe sonar bathymetric survey of the Dyfi (bathymetric contours in m around ODN) with artificial lighting to highlight the roughness of the 
bed. The area corresponds to the mouth of the estuary (left of plot), with the scour pit shown as the deep area near the mouth. 
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Figure 3. Extent of sonar measurements (coloured area in m around ODN) in 
relation to the model domain area (white) with the extent of bed form 
measurements overlain (black overlain lines). 
 
sity of St. Andrews) was a SEA Ltd `SWATHplus-H' system 
with a 468kHz transducer pole mounted over the side of a 
small vessel. Bed elevations were calculated from the depth 
beneath the instrument, the elevation of the vessel on the free 
surface was obtained using a Leica 1200 RTK-GPS, and tidal 
data from two gauges was used to make corrections. The raw 
data was processed by R. Bates to 1m resolution in the 
horizontal and 10cm in the vertical, producing a map of bed 
elevations which could be used to extract the dimensions of 
dune-like bed forms with wavelengths of the order of tens of 
meters (Figure 2). Due to the need for a minimum depth of 
water for the side scan instrument to operate correctly, 
measurements were taken at high-water and could only be 
taken a short distance up the main tidal channel. Extensive 
measurements were taken around the scour pit and estuary 
mouth however, where relatively deep water made wide-area 
bed scans possible. 
To extract individual bed forms from the sonar data set 103 
profiles were taken, each selected to lie as close as possible to 
perpendicular across bed form crests. Profiles were also 
chosen to only intersect areas containing bed forms (much of 
the channel section of the sonar data was devoid of bed 
forms). As such the profiles varied considerably in length, 
from a single bed form to hundreds of meters. The profiles 
were then run through a turning points algorithm to identify 
the coordinates of bed form crests and troughs. To calculate 
the bed form length λ and height η individual bed forms were 
identified as two troughs with an intermediate crest. With the 
assumption that the bed forms were long-crested and two-
dimensional in plan form, λ can be defined as the distance 
between two successive trough points. However many of the 
bed forms were found to lie on a mean bed slope and so the 
true on-ground distance between two trough points would be 
greater than the distance between their respective x 
coordinates. Bed form length was therefore taken in all cases 
as the length of line connecting both trough points in x,z 
space.  The bed form height η was similarly taken from a line 
perpendicular to that between two troughs and intersecting the 
intermediate crest point. Each measurement of length and 
height was co-located with the `real-world' x,y coordinate of 
the corresponding bed form crest, calculated by interpolating 
from the x,y coordinates of the end-points of each profile. 
2730 individual bed forms were measured, covering much of 
the area around the scour pit as well as an up-stream portion 
of the main ebb channel (Figure 3). 
 
 
Figure 4. Location of profiles A-B and C-D (red lines) in relation to the 
mouth of the Dyfi. Time series locations in the scour pit (E) and further up the 
main channel (F) are also shown. Bathymetric contours (greyscale) are in m 
around ODN. 
 
To compare ks values from the model with bed form 
dimensions extracted from the sonar survey the simplifying 
assumption was made that, as dune roughness is believed to 
dominate the total roughness and ks ≈ 0.5η [2,4], 2ks is 
approximately equal to η. Extracted bed form heights were 
then interpolated onto a regular grid and two profiles (A-B 
and C-D) were taken (Figure 4), one through the major-axis of 
the scour pit and one further into the estuary interior. Similar 
profiles of modelled ks were taken for comparison. 
A second model condition was run to asses the impact of 
the ks feedback approach in TELEMAC-2D on calculated 
velocities and the resulting transport of sediment in SISYPHE 
running in coupled mode. A simplified tidal case with one 
harmonic constituent (M2 tide, amplitude 1.8m) was run on 
the same grid. In case 1 roughness feedback to TELEMAC-
2D was not activated, with only the ripple component of 
roughness being passed to SISYPHE for use in the sediment 
transport calculation. In this case TELEMAC-2D was run 
with a separate, constant roughness of 1cm. Case 2 was the 
same, only with ks feedback to TELEMAC-2D activated. 
 
 
Figure 5. Observed tidal elevations around ODN (black line) and modelled 
free surface (red line) over the 12 day validation simulation period  Grey area 
corresponds to period covered by the sonar survey. 
III. RESULTS 
Figure 5 shows the free surface elevation from the 
Aberdyfi tide gauge (black line) and the model (red line) over 
the validation simulation period, with the sonar survey period 
shown as the grey area between the 9th and 11th July. The 
model can be seen to reproduce the observed tide relatively 
well, although there is a phase shift between model and 
observations which is most likely due to a lack of tidal 
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constituents or error in their implementation around the liquid 
open boundary (for example start time or nodal corrections). 
However the model reproduces the tidal envelope relatively 
well and captures the amplitude of the spring tide. 
Figure 6 shows time series (centred around spring tide) of 
the modelled velocity components, free surface elevation, skin 
friction Shields parameter and total and ripple roughnesses (ks 
and ks,r from equations 3 and 1a respectively) from a point in 
the centre of the scour pit (Figure 4, point E). 
 
 
Figure 6. Time series of model parameters during peak spring tides from a 
point at the centre of the scour pit (Figure 4, point E). From top to bottom: 
Free surface elevation, u and v velocity components (black and red lines 
respectively, θ’ and θcr (black and red lines respectively) and in the bottom 
panel the total bed roughness ks (black line, left axis) and ripple component of 
roughness ks,r (red line, right axis). 
 
 
Figure 7. Top panel: profile A-B of measured bed form height (black line 
shows data smoothed to 15m model resolution, dashed black line shows raw 
data), average ks over the simulation period (solid red line), maximum ks over 
the simulation period (solid blue line) and maximum ks over neap tides 
(dashedblue line). Bottom panel: profile A-B of bathymetry (in m below 
ODN) from the sonar survey (black line) and from the model (red line). 
The effect of tidal velocities (and therefore bed shear stress 
and Shields parameter) on the calculated values of ks and ks,r is 
seen to vary significantly through the tidal cycle. Total and 
ripple roughness lengths can be seen to be out of phase with 
each other as equation 1a gives larger values of ks,r for low 
flow conditions whereas equations 1b and 1c provide the 
opposite (ks,d dominates ks when dunes are present). 
Importantly, the bottom panel in Figure 6 highlights the 
ephemeral nature of roughnesses predicted with the Van Rijn 
method. Although a critical Shields criterion is included 
(preventing bed forms to adapt in flows below the threshold of 
motion) the equilibrium nature of the predictor forces bed 
forms to adapt at the same rate as the change in tidal currents. 
In reality there is a development time to equilibrium 
dimensions (and therefore equilibrium ks) associated with bed 
forms which is dependent on flow conditions which, in the 
case of ripples alone, can be of the order of hours to hundreds 
of hours [5]. Due to the continually changing tidal flow 
conditions the equilibrium roughness for any given flow 
might not be achieved. Further work needs to be conducted to 
introduce history effects into the roughness computation. 
 
 
Figure 8. Top panel: profile C-D of measured bed form height (black line 
shows data smoothed to 15m model resolution, dashed black line shows raw 
data), average ks over the simulation period (solid red line), maximum ks over 
the simulation period (solid blue line) and maximum ks over neap tides 
(dashed blue line). Bottom panel: profile C-D of bathymetry (in m below 
ODN) from the sonar survey (black line) and from the model (red line). 
 
Figures 7 and 8 show profiles of modelled ks and measured 
bed form heights η along lines A-B and C-D respectively, 
with the roughness scaled to 2ks for comparison. This scaling 
is based on the assumption that dune (and megaripple) 
roughness dominates the total roughness as ripple roughness 
is proportional to η rather than 0.5η [6]. The maximum value 
of 2ks corresponding to springs and the maximum 2ks over 
neaps are both over-estimated towards the mouth of the Dyfi 
(left of Figure 7) –being over two times the measured bed 
form height in the scour pit. Here the model predicts a 
maximum roughness corresponding to large dunes– over 0.8m 
in height in the centre of the scour pit. However in shallower 
water the maximum 2ks begins to show a better comparison 
with the data, reproducing an increase in measured roughness 
as the profile intersects the main tidal channel (~1.9km, 
Figure 7). The mean 2ks over the simulation period shows 
much better comparison with measured bed form heights, for 
the most part capturing the trend of bed form height. The 
difference in bathymetry between the survey and model must 
be taken into account, especially in shallow water, as h has a 
significant effect on megaripple and dune roughness (and 
therefore ks). The difference in bathymetry is due to the time 
difference between bathymetry in the model (Lidar survey 
from 2004) and the sonar survey (July 2007).  Figure 8 shows 
similar agreement between the average 2ks and η, capturing 
the general trend of the measured data despite differences in 
bathymetry one again. 
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Figure 9. Time series of model results from a point in the centre of the scour 
pit (Figure 4, point E) for a case with ks feedback (red lines) and without 
(black lines). From top to bottom: Free surface elevation, velocity magnitude, 
total bed shear stress magnitude, total bed roughness (solid lines, left axis) and 
ripple roughness (dashed lines, right axis) and in the bottom panel the 
magnitude of sediment transport from Bijker’s formula. 
 
In practice, the maximum 2ks may be unrealistic due to the 
absence of history effects on dune development. With an 
‘equilibrium approach’ such as this, peaking current speeds 
during flood and ebb are capable of producing very large 
roughnesses (albeit briefly) whereas in reality the bed may not 
be able to adapt to high flow conditions in time. The average 
2ks may therefore be a better approximation of roughness due 
to bed forms with a history effect in operation. The period at 
which the sonar survey was conducted must be taken into 
account as well –being over neap tides and at high water slack 
only. The mean conditions over the simulation period may 
also have a better correspondence with neap conditions as 
evidenced by the better agreement with the data. It must also 
be noted that comparison is only possible due to the scaling of 
ks to approximate η. Van Rijn’s method calculates the 
physical hydraulic roughness of the bed directly, bypassing 
the need to model bed form dimensions explicitly. It is, in 
practice, a simple step to scale ks back to bed form height and, 
although it may not be philosophically correct, it appears to 
work very well in the case of this Dyfi data. 
Figures 9 and 10 show time series from the M2 tidal cases 
1 and 2 (without ks feedback and with ks feedback, 
respectively). Figure 9 shows a time series from a point in the 
centre of the scour pit (Figure 4 point E, average depth 12m) 
and Figure 10 shows a time series from a point mid-way up 
the estuary in the centre of the main channel (Figure 4 point F, 
average depth 3.5m). In the deeper case (Figure 9) a decrease 
in flow magnitude in case 2 is evident, with an average 
decrease in velocity of 8%. Although this is relatively minor it 
leads to a much larger change in total bed shear stress – in the 
coupled case an increase of over 122% is seen at peak flow. 
This is due to the significant increase in ks between case 2 and 
1 (over 40 times greater at peak flow) which results in a vastly 
increased drag coefficient and therefore bed shear stress. The 
subsequent average increase in total sediment transport 
magnitude over two tides is 74%. This shows how the non-
linear nature of the sediment transport equations can amplify a 
small change in hydrodynamic input into a large change in 
sediment transport rate.  Although  the  magnitude of the sedi 
ment transport rate is increased in the scour pit, the result 
from a point further up-estuary  (where  water  is  significantly 
 
Figure 10. Time series of model results from a point in the centre of the main 
channel half-way up the estuary (Figure 4, point F) for a case with ks feedback 
(red lines) and without (black lines). From top to bottom: Free surface 
elevation, velocity magnitude, total bed shear stress magnitude, total bed 
roughness (solid lines, left axis) and ripple roughness (dashed lines, right axis) 
and in the bottom panel the magnitude of sediment transport from Bijker’s 
formula. 
 
shallower) suggests that the change in sediment transport rate 
is inverted (Figure 10). Here although velocity and stress are 
decreased and increased as before, the resulting sediment 
transport magnitude is decreased by an average of 37%. Here 
the differences in ripple roughness are much smaller thanks to 
the lower flow speeds. Yet the flow velocity is slowed to a 
greater extent in the feedback case as the flow is much 
shallower and so the added dune roughness (~0.1m in case 2 
rather than 0.01m in case 1) has a larger effect on the flow. 
Bijker’s sand transport formula is a total-load formulation 
with a suspended transport fraction which is based on the flow 
speed. It is therefore possible that, at this shallower location, 
the suspended fraction becomes relatively more important to 
the total transport rate.  As this is tied to the flow speed 
(which is slowed to a lesser extent in case 2) this might 
account for the decrease in total transport. What is important, 
however, is that the addition of roughness feedback to 
TELEMAC-2D, although not directly affecting sediment 
transport via processes at the small-scale, is able to 
significantly alter the magnitude and pattern of sediment 
transport in a shallow, tidal setting. This will have a 
significant effect on morphological development which 
should be further explored. 
IV. DISCUSSION 
The addition of roughness feedback to TELEMAC-2D is 
principally very important as sub-grid scale dunes, although 
not having a direct effect on local, small-scale processes 
important to sediment transport, can have a significant effect 
on total sediment transport rates once their impact on flow 
velocities has been taken into account. It is planned for future 
versions of TELEMAC-2D and SISYPHE to feature this 
method [7]. However the neglect of history effects on bed 
form development in a tidal environment needs to be 
addressed – for this it is proposed that a half-life decay curve 
could be implemented, with the maximum allowed rate of 
decay of bed form height scaling on the time scale required 
for equilibrium dimensions to be achieved. This maximum 
rate could me implemented relative to the model time step. 
We may theorise that the addition of history effects will 
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dampen the general time-pattern of calculated bed roughness 
so that it approaches the average over a tidal cycle. However 
its effect on deeper channels where larger dunes may become 
permanent features and on the subsequent propagation of the 
tide should be explored fully. 
The difficulty in validating bed roughness on the scale of 
dunes over wide areas of bed is due to the large spatial and 
temporal time-scales involved. The use of the swathe sonar 
survey conducted in the complex, tidal environment of the 
Dyfi has allowed some insight into the implications of 
roughness feedback based on the use of Van Rijn’s [2] 
method for the prediction of ks. The agreement between model 
and data is encouraging, especially considering the numerous 
simplifying assumptions made in the comparisons. Bed forms 
in the natural environment are a product of a number of 
hydrodynamic and sedimentary factors, only some of which 
have been addressed using TELEMAC-2D and SISYPHE in 
this paper. For example only a single grain size has been used 
whereas the Dyfi does display a degree of variability [3]. 
Secondly, the presence of waves and their subsequent 
modification of the bottom boundary layer has been ignored 
from this study and, while they may have negligible effect in 
the estuary interior, the study location at the mouth of the Dyfi 
does experience a degree of wave ingress from Cardigan Bay 
[8].  
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